Megakaryocytes are naturally polyploid cells that increase their ploidy by endomitosis. However, very little is known regarding the mechanism by which they escape the tetraploid checkpoint to become polyploid. Recently, it has been shown that the tetraploid checkpoint was regulated by the Hippo-p53 pathway in response to a down regulation of Rho activity. We therefore analyzed the role of Hippo-p53 pathway in the regulation of human megakaryocyte polyploidy. Our results revealed that Hippo-p53 signaling pathway proteins are present and are functional in megakaryocytes. Although this pathway responds to the genotoxic stress agent etoposide, it is not activated in tetraploid or polyploid megakaryocytes. Furthermore, Hippo pathway was observed to be un-coupled from Rho activity.
Immunofluorescence
The cells were plated on poly-L-lysine-coated slides (O. Kindler GmbH&Co, Freiburg, Germany) for 1h at 37°C. Immunofluorescence staining was performed using mouse anti-p53, anti-β1-tubulin (SigmaAldrich) or anti-YAP antibodies and appropriate secondary antibodies conjugated with Alexa-488 or Alexa-546 ((Molecular probes Life Technology). TOTO-3 iodide or DAPI (Molecular probes, Life
Technology) was applied for nuclear staining. Cells were examined under a Zeiss LSM 510 laser scanning microscope (Carl Zeiss, Le Pecq, France) or Leica TCS SP8 MP (Leica Microsystems, Wetzlar, Germany) with a 63X oil immersion objective.
Western blot analysis
Western blots were performed as described previously. 22 Details of the primary antibodies are given in supplementary materials and methods.
Proplatelet formation assay

CD41
+ GFP + or CD41 + mCherry + MKs were sorted at day 8 of culture and proplatelet formation was evaluated as previously described. 22 A total of 200 cells per well were counted during 4 days. Images were obtained using an inverted microscope (Carl Zeiss, Göttingen, Germany) at a magnification of 40X using the Axio Vision 4.6 software.
Transmission Electron microscopy
Detailed description may be found in the supplementary material and methods.
Statistical Analysis
6
Student's t test and one-way Anova test were employed as applicable to the data set to test the significance of the data.
RESULTS
Hippo-p53 pathway proteins are expressed in MKs
The Hippo-p53 pathway constitutes the tetraploid checkpoint. 12 We investigated the status of this pathway in human MKs at different ontogenic stages. Analysis of previously reported global micro array expression data revealed that key genes of the pathway were expressed in MKs derived from human cord blood and adult cytapheresis 23 (Supplementary Figure S1 ). This was confirmed by real time analysis of mRNA expression in in vitro cultured mature MKs (defined as CD41 + CD42 + cells) derived from cord blood and adult cytapheresis (Supplementary Figure S1) . Furthermore, adult MKs were sorted on day 6 of culture on the expression of CD41 and further cultured to the end of MK maturation. A representative data of the ploidy distribution across the days of culture is shown in Supplementary Figure S2 . We observed an initial increase followed by a marked decrease in the p53 transcript level at the end of MK maturation with a corresponding increase in the expression of p21. No statistically significant change was observed in the mRNA expression of BCL2L1, BAX and MDM2 ( Figure 1A ). In agreement with the mRNA expression profile, p53 protein expression remained constant and decreased at the end (day 13) of in-vitro MK differentiation ( Figure 1B ). Moreover, two negative regulators of p53, MDM2 and MDMX, were also present in MKs ( Figure 1B and C). Treatment of sorted CD41 + MKs with the proteasome inhibitors ALLN and MG132 dramatically increased the expression of p53, demonstrating that p53 was mainly regulated by proteasomal degradation during MK differentiation ( Figure 1C ). The mRNA expression of Hippo pathway genes LATS1, LATS2 and TAZ remained invariant during the course of MK maturation. However, a consistent and significant increase in the expression of the transcriptional targets of YAP (CTGF, CYR61, FSTL1 and INHBA) was observed indicating that YAP activity increased 7 in mature MKs ( Figure 1D ). This was associated with an unchanged YAP protein level ( Figure 1E ), but with an increased nuclear localization of the protein ( Figure 1F ). Reminiscent of p53, the LATS2 protein expression remained fairly constant and decreased only at the very end of MK maturation ( Figure 1E ).
Interestingly and in contrast to the mRNA levels, protein expression of LATS2 and p21 decreased at day 13 of in vitro culture. This may be due to the fact that day 13 MKs are at the very end of their maturation with a heterogeneous population of MKs in terms of ploidy and proplatelet production. Together, our results reveal that genes of the Hippo-p53 pathway are expressed throughout the various stages of MK maturation.
Hippo-p53 pathway is functional in MKs
To understand whether Hippo-p53 signaling pathway was functional in MKs, cells were treated with a genotoxic agent (etoposide). Staining for p53-BP1 confirmed the genotoxicity of a 3 hr treatment with 10μM Etoposide in MKs (Supplementary Figure S3 ). MKs were exposed to etoposide at various days of culture. Etoposide induced a drastic increase in the expression of both LATS2 and p53 ( Figure 2A ).
Consistent with the canonical Hippo pathway, increased phosphorylation of YAP on ser127 was observed ( Figure 2A ). Enhanced LATS2 expression leading to increased p53 stability was reflected by increased p21 expression ( Figure 2B ). Under basal conditions, p53 protein was mostly cytoplasmic (>95%) in MKs.
Upon etoposide exposure, p53 trafficked from the cytoplasm to the cell nucleus ( Figure 2C ). Moreover, consistent with its increased phosphorylation, YAP was completely sequestered in the cytoplasm of mature MKs ( Figure 2D ). Taken together, etoposide induced genotoxic stress was found to activate the Hippo-p53 axis in MKs.
Hippo-p53 pathway is not activated in polyploid MKs
We next checked whether polyploidy could induce the activation of Hippo and p53 pathway genes. MKs were sorted based on their ploidy level into diploid (2N), tetraploid (4N) and polyploid (≥8N) cell 8 populations. We did not detect any significant link between ploidization and the mRNA expression of p53, BAX, p21, MDM2 and MDMX genes. ( Figure 3A ). Similarly we did not detect any significant link between p53 protein expression and ploidy ( Figure 3B ). The expression of LATS2 also remained invariant at the different ploidy levels ( Figure 3C and densitometric quantification in Supplementary Figure S4 ). YAP expression remained fairly constant in the three ploidy states with a modest, but not significant decrease in the phosphorylation of YAP in 4N ploidy stage ( Figure 3C and Supplementary Figure S4 ). However, a pronounced increase in the expression of YAP target genes was observed in 4N
and polyploid MKs indicating an increase in YAP transcriptional activity and therefore an inactivation of the Hippo pathway ( Figure 3D ). Thus, our data indicates that in MKs, the Hippo-p53 pathway failed to sense polyploidy as a genotoxic stress.
RhoA/ROCK pathway has been widely studied in relation to MK differentiation. RhoA and ROCK proteins are well expressed in MKs and have been shown to regulate ploidy and proplatelet formation 4, 22, 24 . Because, reduced RhoA activity in tetraploid cells induced Hippo-p53 signaling and as MK differentiation and ploidization are associated with a decrease in RhoA activity, 24 we checked if a further decrease in RhoA activity through ROCK inhibition (Y27632) could induce Hippo-p53 signaling in MKs. CD41 + CD42 + MKs and CD71 + erythroblasts sorted on day 5 of in-vitro culture were treated with Y27632. ROCK inhibition induced p53 expression in erythroblasts and reduced YAP expression increasing the ratio of phosphorylated YAP-S127 to total YAP ( Figure 3E and densitometric quantification in Supplementary Figure S4 ). However, Y27632 treatment did not induce p53 expression in MKs. Additionally, there was no accompanying change in the expression of LATS2 or YAP and in the phosphorylation of YAP on ser127 ( Figure 3E ). Furthermore, increased MK ploidy was observed upon prolonged exposure to Y27632, a result that we have previously reported 4 . Lastly, treatment of erythroblasts with ROCK inhibitor decreased the expression of YAP downstream target genes (Supplementary Figure S5) without effects on their expression in MKs. This indicated that in MKs in contrast to erythroblasts, RhoA activity is uncoupled from the Hippo pathway.
p53 knockdown does not affect ploidy, but increases proplatelet formation in MKs
To determine whether p53 knockdown facilitates human MK differentiation, CD34 + cells were induced into MK differentiation and transduced at day 3 or 4 of culture with GFP + lentivirus encoding scrambled sequence or shp53 constructs (shp53-0, shp53-2, shp53-4). Transcript analysis of sorted GFP + CD41 + cells after 72hr of transduction demonstrated that shp53-0 alone almost completely depleted p53 whereas a combination of shp53-2 and shp53-4 (shp53-2/4) reduced the mRNA level by ~60% (Supplementary Figure S6i) . A decrease in p53 expression was also seen at the protein level (Supplementary Figure S6ii) .
Reduced p53 expression was accompanied by a decrease in the expression of p53 targets such as p21, BAX, MDM2, DR5 and PUMA (Supplementary Figure S6i) . We also checked that p53 expression was similarly down regulated at the different ploidy states (Supplementary Figure S7) . In subsequent experiments, we used shp53-0 and confirmed our results with shp53-2/4. p53 knockdown had a modest effect on 2N and 4N ploidy MKs while significantly increasing the percentage of MKs with ploidy 8N
and 16N ( Figure 4A ). It had no effect on MK differentiation as the percentage of mature CD41 + CD42 + MKs was not significantly modified in culture (from 54% to 61% ; n=5) ( Figure 4B ). Furthermore, p53
down regulation had limited effects on MK cell cycle as attested by the incorporation of BrdU in the control and p53 knockdown samples at different ploidy states ( Figure 4C ). Lastly, as changes in p53 expression are frequently associated with genomic instability, we examined the separation of chromosomes and the number of centromeres during mitosis and endomitosis. We observed that centrosomes were paired and localized correctly and that the segregation and separation of these chromosomes was normal (Supplementary Figure S8) . At the same time, p53 down regulation decreased MK response to apoptotic stimuli as observed in MK cells treated with 2 μM staurosporin, 4 μM etoposide and 1 μg/mL mitomycin C ( Figure 4D ). Next, we analyzed the proplatelet formation in p53 knockdown MKs. No effect was observed on proplatelet branching (Supplementary Figure S9i) .
However, p53 knockdown increased the number of proplatelet forming MKs. At day 14 of culture, a 4-fold increase was observed with shp53-0 and 3.5 fold increase with shp53-2/4 ( Figure 4E , p=0.015). p53 1 0 knockdown also caused a marked increase in cytoplasmic maturation as observed by an increased development of the demarcation membrane system (Supplementary Figure S9ii) . At the same time, p53 knockdown did not affect the mRNA level of Hippo pathway genes (data not shown). Our results clearly indicate that p53 knockdown has minor effect on ploidy level furthermore demonstrating that in basal conditions p53 is not a major determinant of MK polyploidization, but markedly increases proplatelet formation.
Knockdown of YAP moderately decreases proplatelet formation and does not affect MK ploidy
To determine the effects of YAP on human MK differentiation, CD34 + cells were induced into MK Figure 5C ). In addition, we analyzed the proplatelet formation in YAP knockdown MKs. A moderate but significant decrease in the number of cells bearing proplatelets was consistently observed in YAP knockdown MKs ( Figure 5D ). Figure 6A ). Electron micrographs also confirmed the perinuclear and dispersed localizations of mitochondria in the two ploidy classes. Furthermore mitochondria were observed to have clearly defined inner membrane with well-defined cristae ( Figure   6B ). Next, we analyzed the mitochondrial mass in the various ploidy states of MKs. Increase in MK ploidy was accompanied by an increase in mitochondrial mass (Figure 6C and D) . An increase in the number of mitochondria was also evident in the electron micrographs of polyploid MKs. Furthermore, mitochondria in polyploid MKs were observed to be smaller in comparison to diploid-tetraploid MKs ( Figure 6C and Supplementary Figure S12 ). We also analyzed the expression of key genes involved in mitochondrial biogenesis and mitochondrial fission-fusion kinetics in the three ploidy states. The mRNA expression of these genes remained unaltered with ploidy (Supplementary Figure S13i and ii). Together, this indicated that polyploidization was accompanied by an increase in mitochondrial mass.
We next analyzed the effects of YAP knockdown on mitochondrial mass of MKs. Staining of mitochondria using mitotracker green followed by live cell imaging revealed that mitochondrial morphology remained unaltered in YAP knock down MKs (Supplementary Figure S14) . YAP knockdown did not alter the mitochondrial mass in 2N-4N MKs. However, a significant decrease in mitochondrial mass was observed in cells with ploidy of greater than 8N ( Figure 6D ). Remarkably, YAP knockdown substantially decreased the expression of PGC1α, a key regulator of mitochondrial biogenesis ( Figure 6E and 6F). PGC1α expression was also found to be constant between diploid, tetraploid and polyploid MKs (Supplementary Figure S13i) . However, neither ploidy nor YAP knockdown had any significant effect on the expression of key genes of the oxidative phosphorylation system or other genes regulating 
DISCUSSION
MKs are endowed with unconventional properties that make them unique systems to study various biological processes, especially the switch from mitotic mode of cell division to endomitosis whereby the cells become polyploid. Thus MKs provide an ideal platform to study how naturally polyploid cells overcome the tetraploid checkpoint that normally arrests cell cycle. It was previously reported that the Hippo-p53 pathway maintains the tetraploid checkpoint and reduction of RhoA activity induced by extra centromeres was found to activate Hippo-p53 pathway.
12
Here, we provide evidence for a functional Hippo-p53 axis in MKs. A schematic representation is shown that highlights the key players of the Hippo-p53 pathway ( Figure 7 The activation of the Hippo-p53 pathway in tetraploid cells was reported to be acutely dependent upon
RhoA activity. As RhoA activity was reported to decrease during the first endomitotic division of MKs,
we assessed the effects of decreased RhoA activity on Hippo-p53 pathway. 12, 24 Our data demonstrates that in contrast to erythroblasts, the Hippo pathway is decoupled from RhoA activity in MKs.
Importantly, decreased RhoA activity has been previously linked to increased YAP phosphorylation in HEK293A cells 32 . Our results show that decreased Rho/ROCK signaling did not induce YAP phosphorylation in MKs in contrast to erythroblasts. Moreover, in erythroblasts, inhibition of ROCK was also found to decrease the expression of total YAP protein while increasing the ratio of phosphorylated YAP to total YAP. This was consistent with previous reports that demonstrate that phosphorylation of YAP on S127 induced its degradation.
33
p53 knockdown induced a moderate, but significant increase in MK polyploidization, without significant increase in DNA replication. It is likely that the modest increase in polyploidization could be the consequence of a decreased basal apoptosis in p53 knockdown MKs. This is in agreement with previous results on p53 -/-mice that show that p53 knockout only increased MK ploidy under stress conditions such as during induced thrombocytopenia, but not in basal conditions in the bone marrow. 16, 17 However, p53
knockdown significantly increased proplatelet formation in accordance with our previous reports.
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Furthermore, YAP knockdown caused no significant change in ploidy, but a consistent and significant decrease in the percentage of proplatelet bearing MKs was observed.
Given the observed increase in YAP target gene expression both during the course of MK differentiation as well as polyploidization, we tried to identify its possible effects. Previous works had suggested links between mitochondria and the Hippo-p53 pathway. 35, 36 We hypothesized that polyploid MKs would have a large energy demand to sustain their size and functionality, which could plausibly be regulated by the Hippo-p53 pathways. YAP knockdown was found to decrease mitochondrial mass in polyploid MKs with a ploidy greater than 8N while keeping the mitochondrial mass unchanged in diploid and tetraploid MKs.
Although mitochondria in polyploid MKs were on an average smaller when compared to mitochondria in diploid MKs, no significant differences could be observed in the expression of genes regulating mitochondrial fission-fusion dynamics. Instead, YAP knockdown substantially decreased the expression of PGC1α, a key mitochondrial biogenesis factor, 37 which was associated with a decrease in ATP content in polyploid MKs. However, no significant change was observed in the NAD + /NADH ratio. 
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Supplementary materials and methods
Cultures of MKs and erythroblasts derived from human CD34 + cells in serum-free liquid medium CD34 + cells were isolated using immunomagnetic beads (AutoMacs; Miltenyi Biotec, Bergisch Gladbach, Germany) and cultured in serum-free medium in the presence of recombinant human thrombopoietin (TPO) (10 ng/mL; Kirin Brewery, Tokyo, Japan) and stem cell factor (SCF) (5ng/mL; Biovitrum, Stockholm, Sweden) to induce MK differentiation and in SCF (10ng/ml), erythropoietin (EPO, 3u/mL) and interleukin 3 (IL-3) (1ng/mL) for erythroid differentiation. and rat anti-Hsc70 (Stressgen).
List of qRT-PCR primers :
Gene Name
Sequences of shRNA
Three different short hairpin RNA (shRNA) targeting p53 (0, 2 and 4) shRNA-0: gactccagtggtaatctac;
shRNA-2: gagggatgtttgggagatg; shRNA-4: cggcgcacagaggaagaga; a short hairpin RNA (shRNA) targeting YAP1: ccagttaaatgttcaccaa; a shRNA control:
ttctccgaacgtgtcacgt were used.
Transmission electron microscopy
To study the megakaryocyte morphology, samples were washed in 1× PBS, then fixed in 1.5%
glutaraldehyde for 1 hour, and washed 3 times in 0.1 M phosphate buffer, pH 7.4. For morphologic examination, samples were post-fixed in 1% osmic acid, dehydrated in ethanol, and embedded in Epon by standard methods. Samples were counterstained and were observed on a Philips CM 10 electron microscope (Philips, Eindhoven, The Netherlands). To study the mitochondrial morphology by TEM, at least 2x10 6 cells were pelleted. The medium was discarded and replaced by 2% glutaraldehyde (EMS, Hatfield, PA, USA) in 0.1 M Sörensen buffer pH=7.4, for 1 h at room temperature. Cells were post-fixed for 1 hour at room temperature with 1% osmium tetroxide and 1% potassium ferrocyanide (Sigma-Aldrich,France) (EMS,Hatfield, PA, USA) in cacodylate buffer. They were dehydrated by increasing concentrations of ethanol and finally embedded in Epon 812 epoxy resin (EMS, Hatfield, PA, USA). The polymerization was carried out by heating the sample during 48 hours at 56°C.
Samples were then sectioned with a microtome (thickness 70 nm), and the sections were collected on collodion-carbon-coated copper grids. Sections were contrasted using aqueous uranyl acetate 2% (w/v) (Merck, France) and lead citrate solutions (Reynold's stain). The samples were observed with Zeiss 902 TEM in the filtered zero loss modes using a CCD array detector (Megaview III, Olympus). The sections were analysed for the number of mitochondria in a given section as well as the size of the mitochondria. The sizes of mitochondria were given as diameters of theoretical spheres using the SIS software (Olympus). To estimate the number and size of mitochondria in control and shYAP infected MKs, at least 18 sections corresponding to 18 individual MKs were analyzed per sample. The mean number of mitochondria per section and the mean size were plotted.
Micro-array analysis
Micro-array analysis data is part of a previously published study. (2) The raw data may be found at the Array Express data repository at the European Bioinformatics Institute under the accession numbers E-MTAB-1452. Analysis was performed according to the published protocol. (2)
ATP assay
The assay was performed according to the manufacturer's protocol (Abcam, Cambridge, UK). Briefly, MKs transduced with either shYAP or scrambled shRNA were stained with Hoechst and sorted on ploidy. The luminescence was read in a 96 well format in GloMax Multi+ luminometer (Promega, Wisconsin, USA).
NAD + /NADH assay
The assay was performed using NAD/NADH Glo Assay according to the manufacturer's protocol (Promega,). Briefly, MKs transduced with either shYAP or scrambled shRNA were stained with Hoechst 33342 and sorted on ploidy. The luminescence was read in a 96 well format in GloMax Multi+ luminometer (Promega).
Apoptosis assay
Apoptosis was measured by Annexin V detection kit (BD Pharmingen, San Diego, CA). Mitoprobe (n=3, p<0.002)
